Résumé -La structure électronique du polyacrylonitrile pyrolisé dans la gamme de température de 200 à 600°C a été étudiée par spectroscopie de pertes d'énergie d'électrons.
The insulating polymer polyacrylonitrile (PAN) can be transformed to a highly conducting material by pyrolysis i.e. thermal treatment in inert atmosphere. The model /1,2/ for the structural changes accompanying ;the increase in conductivity is shown in Fig. 1 . At pyrolysis temperatures Tp ^ 200 -300°C PAN is converted to a single conjugated structure (Fig. lb) and becomes a semiconductor with a conductivity (a) between 10~7 and 10~3 S/cm and an activation energy of M.5 eV. At higher pyrolysis temperatures the single conjugated structure ; is transformed to a doubly conjugated ladder structure (Fig. lc) resulting in a highly conducting state with CV1 S/cm and a low activation energy of about 0.2 eV. At still higher temperatures graphitelike layer molecules are formed. At temperatures near 1000°C "graphitization" occurs as most non-carbon atoms are driven out of the material. Spectroscopic investigations of the electronic structure have not unequivocally verified this.model, however. For example, optical spectra have been interpreted in terms of the formation of certain chemical groups /3,4,5/ but cannot determine the extent to which these states are localized in narrow bands or delocalized into nearly-free-electronlike band states with high mobility. One technique for doing this is electron energy loss spectroscopy (ELS) where the momentum dependence of electronic excitations can make this distinction. In this contribution we report on the investigation to identify the thermally induced transition from local to extended electronic states in PAN.
About 1000 & thick films were prepared by casting thin films on glass slides from a dilute solution in dimethylformamide and then removing the samples from the glass. All heat treatments were carried out at constant temperature for periods of 18-20 hours in a vacuum of 10~" torr. The ELS spectra were measured at room temperature. After introduction into the vacuum system, samples were never exposed to air since the heat treated samples were observed to react with air altering the energy loss spectra. Data were recorded on a 170.iCeV electron energy loss spectrometer with an energy resolution of 0.1 eV and a variable momentum resolution chosen between 0.03 and 0.16 S -' for beam currents of 1 to 5 na. ELS spectra at small momentum transfer in the region of valence excitations and at zero momentum transfer in the region of carbon K-shell excitation for different pyrolysis temperatures are shown in Figs e l e c t r o n s . I n Fig. 3 Fig. 1 . I n t h e c o r e l e v e l s p e c t r a t h e t r i p l e bond peak i s reduced and a new peak appears a t 285.1 eV. This l a t t e r f e a t u r e occurs n e a r t h e energy expected f o r l i n e a r conjugated bonds a s i n polyacetylene 161 o r f o r r i n g s a s i n p o l y s t y r e n e 171. I n t h e valence spectrum f o r Tp = 300°C, s t r o n g peaks a t 3.6 eV and a t 6.4 eV appear. For samples heated t o 4000C both peaks s h i f t by a small amount t o lower e n e r g i e s . I n Fig. 4 , t h e momentum dependence of t h e two e x c i t a t i o n s i s shown. The 3.3 eV peak shows e s s e n t i a l l y no d i s p e r s i o n while t h e 6.4 eV peak shows a s t r o n g d i s p e r s i o n . I n pure carbon conjugated systems a s i n polyacetylene 181 o r polydiacet y l e n e /9/ s t r o n g p o s i t i v e d i s p e r s i o n of T e l e c t r o n e x c i t a t i o n s i s observed. One way t o e x p l a i n t h e independence of t h e 3.3 eV peak of t h e momentum t r a n s f e r i s t o r e l a t e t h i s peak w i t h e x c i t a t i o n s of n e l e c t r o n s i n small l i n e a r C-N conjugated se- 
we observe f o r small T a very s h a r p peak a t 286.7 eV due t o e x c i t a t i o n s i n t o t h e antibonding t r i p l e bons n s t a t e . For Tp > 2000C we observe a s t r o n g change i n t h e ELS s p e c t r a due t o s t r u c t u r a l changes s i m i l a r t o those exp e c t e d from

quences. Small i s o l a t e d u n i t s imply narrow energy bands and i n narrow energy band s t a t e s no d i s p e r s i o n i s expected. The peak a t 6.4 eV can be a s s o c i a t e d w i t h t h e f o rmation of conjugated r i n g s 171. E l e c t r o n s i n t h e s e s t a t e s a r e more t i g h t l y bound than t h o s e i n conjugated C-N chains and w i l l n o t a f f e c t t h e c o n d u c t i v i t y f o r pyrol y s i s temperatures Tp
implies d e l o c a l i z e d s t a t e s i n l o n g e r r i n g s t r u c t u r e s . I n f a c t , t h e d i s p e r s i o n of t h e 6.4 eV peak i s q u a d r a t i c i n momenturn w i t h t h e same d i s p e r s i o n c o e f f i c i e n t as f o r t h e n plasmon i n g r a p h i t e . This i m p l i e s t h a t t h e e l e c t r o n i c s t r u c t u r e of t h e long r i n g s t r u c t u r e s which might resemble polypyridinopyridine (Fig. I c ) i s s i m i l a r t o g r a p h i t e .
The experimental r e s u l t s f o r ~~= 2 0 0 -4 0 0~~ should a l s o b e compared w i t h r e c e n t b a n d s t r u c t u r e c a l c u l a t i o n s /10,11/ on n i t r o g e n c o n t a i n i n g conjugated polymers.
These c a l c u l a t i o n s show t h a t t h e r e i s no c l e a r s e p a r a t i o n of 0 and n bands a s i n p u r e carbonconjugatedsystems. I n some n i t r o g e n c o n t a i n i n g polymers, t h e a n i t r o g e n "lone p a i r " band i s c l o s e t o t h e top of t h e valence band. I n g e n e r a l , t h e width of Thus, i n our s p e c t r a we should observe peaks immediately above 3 eV having s t r o n g d i s p e r s i o n in c o n t r a d i c t i o n w i t h our experimental f i n d i n g s . I n summary, t h e e x i s t i n g b a n d s t r u c t u r e c a l c u l a t i o n s do n o t allow t o a s s o c i a t e t h e observed s p e c t r a f o r T = 200-400% t o one d e f i n i t e chemical s t r u c t u r e . P Between Tp = 4 0 0 '~ and 4 5 0~~ t h e r e i s a second important change of t h e valence spect r a . The a b s o r p t i o n t h r e s h o l d i s s h i f t e d t o about 0.5 eV suggesting a reduced a c t iv a t i o n energy. The 3 . 3 eV peak disappears and a new broad s t r u c t u r e a t about 2 eV i s formed. Also t h e peak n e a r 6 eV i s considerably broadened. Both peaks show a d i s p e rs i o n i n momentum space. Also t h e core l e v e l peaks broaden n o t i c a b l y . When t h e sample i s heated t o 600°C t h e energy l o s s s p e c t r a a r e v e r y s i m i l a r t o those of grap h i t e : The c o r e l e v e l spectrum shows a b r o a d p e a k a t 285.5 eV dominating t h e absorpt i o n edge, although a small amount of unconverted m a t e r i a l remains. The onset of a b s o r p t i o n i s below 0.4 eV. The observed shoulder a t 2 eV i s c l o s e t o t h e observed s h o u l d e r i n g r a p h i t e a t about 1.5 eV which i s known t o b e due t o i n t e r b a n d t r a ns i t i o n s 1121. The main v e l e c t r o n peak n e a r 6 eV i s s l i g h t l y lower than t h e n plasmon i n g r a p h i t e a t 7 eV. The c l o s e s i m i l a r i t y of our s p e c t r a f o r Tp=6000C t o t h o s e o f g r a p h i t e i s explained by t h e formation of l a r g e r and longer r i n g s t r u c t u r e s a t p y r o l y s i s temperatures above 4 5 0~~.
